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Lecture Notes: RGB and HSV Color Spaces
Representations



Color Images
 Are constructed from three

overlaid intensity maps.
 Each map represents the

intensity of a different
“primary” color.

 The actual hues of the
primaries do not matter as
long as they are distinct.

 The primaries are 3 vectors
(or axes) that form a “basis”
of the color space.
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Vector-Valued Pixels

Each color corresponds to a point in a 3D vector space
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RGB Color Space for standard digital images

• primary image colors red, green, and blue
– correspond to R,G, and B axes in color space.

• 8-bits of intensity resolution per color
– correspond to integers 0 through 255 on axes.

• no negative values
– color “space” is a cube in the first octant of 3-space.

• color space is discrete
– 2563 possible colors = 16,777,216 elements in cube.
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Color Cube:  Faces (White-Point View)
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Note that the CMY axes are
2 longer than the RGB axes

In the color cube axes can be in any
directions as long they are  and
RGB or CMY follow a righthand rule



Color Cube:  Faces (Black-Point View)
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Looking up at the cube from below
RGB or CMY appear to follow a
lefthand rule.



Color Cube:  Faces (inner and outer)
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Color Cube:  Faces (inner and outer)
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Color Cube:  Faces (inner and outer)
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Color Cube:  Faces (inner and outer)
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Different Axis Sets in Color Space

RGB axes CMY axes
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Any three linearly independent vectors
could be used as axes to represent all
the colors in the cube.

Note that the CMY axes are
2 longer than the RGB axes



Color With Respect To Different Axes

The same color has different RGB and CMY coordinates.
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Any three linearly independent vectors
could be used as axes to represent all
the colors in the cube.



Color
Images

R G B

L a* b*

are represented by three bands (not
uniquely) e.g., R, G, & B or L, a*, & b*.

Red

Green

Blue

Luminance

a*-chroma

b*-chroma
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For detailed info on the color space La*b* see Hoffmann, Gernot, CIELab Color Space, which is available for
download at http://docs-hoffmann.de/cielab03022003.pdf .

http://docs-hoffmann.de/


lum
inance

hue
saturation

photo receptorsbrain

The eye has 3 types of photoreceptors:
sensitive to red, green, or blue light.

The brain transforms RGB into separate
brightness and color channels (e.g., LHS).

RGB to LHS†:  A Perceptual Transformation
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†Here by LHS, I mean the perceptual separation into
luminance and chrominance channels by the human
visual system, not a specific well-defined color space.

See Gegenfurtner, K. R. "Cortical mechanisms of colour vision," Nature Reviews:
Neuroscience, 4(7) pp. 563-572, (July 2003) http://dx.doi.org/10.1038/nrn1138.

chrom
inance

On the retina, the cones cells
are referred to as LMS: long,
medium, and short for their
relative wavelength sensitivities
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Color Representations: Color Spaces
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RGB is the most familiar color representation because our digital
imaging devices use them to encode and to display images. Because
they have sensors that are sensitive to red, green, and blue light,
cameras transduce an image projected onto its sensor array into a
matrix of 3-vectors. RGB is a rectangular coordinate system.

The vectors may be transformed into other representations for
processing or analysis. Here we consider one such representation,
the HSV color space. It is a cylindrical coordinate representation of
colors that separates the brightness (value) from the chrominance
(hue and saturation) constrained by the fact that the color space is a
finite cube.
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Two Types of RGB ↔ HSV Algorithms

22 September 2021 16

This lecture contains two types of
RGB to HSV conversion algorithms.
The first is an vector-geometric
algorithm, that while mathematically
exact, is not practical for fast
computations. The second type is
based on projections from RGB
space onto a color hexagon. It runs
about 3 times faster than the first.
Both algorithms yield the same hues
but their saturation and value
components differ.
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Color Representations: Value Image

22 September 2021 17

A value image is a monochrome intensity image created from a color
image by computing a weighted average of the three colors in each pixel.

original image value image

Image from: http://feelgrafix.com/773013-colorful-flowers-wallpaper.html (cropped by RAPII)

http://feelgrafix.com/773013-colorful-flowers-wallpaper.html


hue image saturation image

1999-2021 by Richard Alan Peters II

Color Representations: Chrominance
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The color information in an image, sometimes referred to as
chrominance, has two dimensions: hue and saturation.

Hue: angular position on the color wheel; Saturation: a measure of color purity.



HSV Color Representation: Hue
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Recall that the color receptor cells of the retina (the cones) are sensitive to three
different wavelengths of light. The combined responses of these cells give us a
perception of hue that is characterized by a by a color-wheel.

Hue is perceived as
being circular rather
than linear even though
the wavelengths of light
are on a linear interval.

See lecture 5,
Color Perception
slides 54 – 60.

RMBCGY are 60
apart on the
color circle or
hexagram.



HSV Color Representation: Hue
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Any hue on the wheel can be represented numerically as the angle measured
counterclockwise from a reference hue. Traditionally red is used as the reference
and is assigned angle 0°. Every other hue has a unique angle, h = θ°  [0, 360).

p0 marks a color on
the wheel that is
θ° from red at 0°.



HSV Color Representation: Saturation
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x is a vector from
the 0-saturation
center to the red
color at angle 0°.
It is the hue
angle’s reference
axis.

The length of vector
s0 from the image
center to color point
p0 represents the
saturation of p0.

We can represent saturation on the wheel as distance from its center. At the center
the saturation is 0. Then there is no color, just a grayscale intensity – a value. The
saturation increases radially to a maximum of one at the perimeter. That corresponds
to a pure hue.

The wheel on this page
has value == 128.



HSV Color Representation: Hue
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All the vectors have 3
components. The first
2 are the rectangular
coordinates of the
vector in the plane of
the wheel the third is
the value of color p0.
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We can compute the hue angle from the cosine given by the dot product of 2 unit vectors
at the center of the wheel: x in the direction of red and s0 in the direction of color p0. The
unit vectors are computed by dividing vectors x and s0 by their respective lengths.

The wheel on this page
has value == 128.



We can compute the hue angle from the cosine given by the dot product of 2 unit vectors
at the center of the wheel: x in the direction of red and s0 in the direction of color p0. The
unit vectors are computed by dividing vectors x and s0 by their respective lengths.
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HSV Color Representation: Hue
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All the vectors have 3
components. The first
2 are the rectangular
coordinates of the
vector in the plane of
the wheel the third is
the value of color p0.
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To actually compute this we move
from the color wheel to equivalue
planes. The result is that HSV is
a cylindrical coordinate system
within the cubical color space.

The wheel on this page
has value == 128.



HSV Color Representation: Hue
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The circular nature of the hue suggests that the RGB color space should be a cylinder with
value along the axis, saturation along the radius, and hue as the angular distance from red.
However, R, G, and B take on values in the set {0, …, 255} and therefore form a cube.

The colors in the cube
do not fill a cylinder,
since the range of the
saturation depends on
the value. Instead we
use equivalue planes
inside the cube to
compute both the hue
and the saturation.



Equivalue Triangles

c=255, v=85
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A more mathematically detailed
explanation and several algorithms
are given in Lecture 6b.

The value axis (a.k.a the gray
line) is the diagonal from [0 0 0]T

to [255 255 255]T in the color
cube. A plane that intersects that
axis at value v includes all the
colors [r g b]T such that

Constrained by the color cube, it
forms a triangle if c ≤ 255 or c ≥
510, or a hexagon if 255 < c < 510.
Given a color’s value, the hue
and saturation are computed in
the corresponding equivalue
plane as polar coordinates.

3 .c v r g b   



Intersection of an
equivalue color
triangle with the
R = 0 face of the
color cube.

On the r = 0 face of the
cube the triangle traces
the line, g + b = 255.

c=255, v=85
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The wheel on this page
has value == 128.



On the g = 0 face of the
cube the triangle traces
the line, b + r = 255.
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Intersection of an
equivalue color
triangle with the
G = 0 face of the
color cube.

c=255, v=85



On the b = 0 face of the
cube the triangle traces
the line, r + g = 255.
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Intersection of an
equivalue color
triangle with the
B = 0 face of the
color cube.

c=255, v=85



Color Cube:
Equivalue
Triangle at
V = 85

Notice the dark outline of the
triangle. It is not there – not a
real feature of the color surface.
The planar discontinuities in 3D
at the edges of the triangle
project to abrupt changes in the
color gradient in the 2D image.
The change in gradient is a
second order effect that is
exaggerated  by the color-
agonist, center-surround edge
detectors on the retina.
It is an optical illusion.
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Color Cube:
Equivalue
Triangle at
V = 85

As the cube is faded out over
this and the next 2 slides, the
discontinuity diminishes and
dark outline disappears.
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Color Cube:
Equivalue
Triangle at
V = 85



Every point on the equivalue
plane has the same value. (“well,
duh!”) There is one plane for
each value (r+g+b)/3. The hue
and saturation for all colors with
the same value are calculated in
the plane.
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Color Cube:
Equivalue
Triangle at
V = 85



Color Cube:
Equivalue
Triangle at
V = 85
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c=384, v=128
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The value axis (a.k.a the gray
line) is the diagonal from [0 0 0]T

to [255 255 255]T in the color
cube. A plane that intersects that
axis at value v includes all the
colors [r g b]T such that

Constrained by the color cube, it
forms a triangle if c ≤ 255 or c ≥
510, or a hexagon if 255 < c < 510.
Given a color’s value, the hue
and saturation are computed in
the corresponding equivalue
plane as circular coordinates.

Equivalue Color Hexagon

3 .c v r g b   



Intersection of an
equivalue color
hexagon with the
G = 0 face of the
color cube.

On the g = 0 face of the
cube the hexagon traces
the line, r + b = 383.

c=383, v=128

Right SideOutside looking in.
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On the g = 255 face of
the cube the hexagon
traces the line,
r + b + g = 383.

Left Side
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Intersection of an
equivalue color
hexagon with the
G = 255 face of
the color cube.

c=383, v=128

Outside looking in.



Back

Equivalue Color Hexagon

The lines on the other four faces
similarly have r + b + g = 383.

Top FrontOutside looking in.
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Bottom



Notice the outline of the
hexagon. It is not there – not a
real feature of the color surface.
The planar discontinuities in 3D
at the edges of the hexagon
project to abrupt changes in the
color gradient in the 2D image.
The change in gradient is a
second order effect that is
exaggerated  by the color-
agonist, center-surround edge
detectors on the retina. It is an
optical illusion.
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Color Cube:
Equivalue
Hexagon at
V = 128



As the cube is faded out over
this and the next 2 slides, the
discontinuity diminishes and
the virtual outline disappears.
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Color Cube:
Equivalue
Hexagon at
V = 128
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Color Cube:
Equivalue
Hexagon at
V = 128



Every point on the equivalue
plane has the same value. (“well,
duh!”) There is one plane for
each value (r+g+b)/3. The hue
and saturation for all colors with
the same value are calculated in
the plane.
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Color Cube:
Equivalue
Hexagon at
V = 128
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Color Cube:
Equivalue
Hexagon at
V = 128



Color Cube:
Equivalue
Hexagon

Here the hexagon
is cut out of the
cube to provide
another view.
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RGB Components of the Color Hexagon at Value 128
Red

Green Blue

r+g+b = 384 r{0,…,255}

b{0,…,255}g{0,…,255}
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.

Equivalue plane at v = 0: single point, pure black.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.

Equivalue plane at v = 85: largest upright triangle, start of hexagonal intersections.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.

22 September 2021 1999-2021 by Richard Alan Peters II 54



Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.

Equivalue plane at v = 128: symmetric hexagon, intersecting plane with largest area.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.

Equivalue plane at v = 170: largest inverted triangle, end of hexagonal intersections.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.

22 September 2021 1999-2021 by Richard Alan Peters II 65



Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.
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Equivalue Planes Intersecting Color Cube

Projection: the gray line is perpendicular to this page.

Equivalue plane at v = 255: single point, pure white.
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Equivalue Triangles

c=255, v=85
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Review:

Value axis: diagonal of the color
cube from [0 0 0]T to [255 255 255]T.
The equivalue plane is  to the
value axis. It includes all colors
[r g b]T such that

For c ≤ 255,the intersection of the
plane with the cube is a triangle. At
c = 255 its vertices are

3 .c v r g b   

 
0 0

, , 0 , , 0
0 0

c
c

c

      
             
            

r g b



c=384, v=128
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Equivalue Hexagon

 
2 1 1 2
3 3 3 3
1 2 2 1
3 3 3 3

1 2 2 1
3 3 3 3

0 0
, , , , , , 0 , 0

0 0

c c c c
c c c c

c c c c

           
                       
                       

r g b

Value axis: diagonal of the color
cube from [0 0 0]T to [255 255 255]T.
The equivalue plane is  to the
value axis. It includes all colors
[r g b]T such that

3 .c v r g b   

For 256 < c ≤ 510,the intersection of
the plane with the cube is a
hexagon. At c = 384 its vertices are

Review:



Equivalue Triangles

c=510, v=170
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2 2
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0
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0
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r g b

Value axis: diagonal of the color
cube from [0 0 0]T to [255 255 255]T.
The equivalue plane is  to the
value axis. It includes all colors
[r g b]T such that

3 .c v r g b   

For c > 510,the intersection of the
plane with the cube is a triangle.
At c = 510, its vertices are

Review:
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Chromaticity Diagrams and Color Gamuts
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Maxwell’s Triangle

D. Malacara-Hernandez, Color Vision and Colorimetry:
Theory and Applications, SPIE Press, (2002).

Probably the first attempts to produce
color curves describing the trichromatic
theory of color were those by J.C.
Maxwell (1857, 1860).… [The] first
chromaticity diagram was a circle devised
by Newton. Later, Maxwell used an
equilateral triangle.… In his trichromatic
theory, each of the three primary colors—
red, green, and blue—is located at a
corner of the triangle. The white color is in
the middle. Other colors are formed by a
combination of the r, g, b components
depending on the distances from each of
the three sides of the triangle. This
triangular representation has been used
often with several modifications.
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Brightness + Chrominance Representation
There are many different ways to
encode color in terms of 1D brightness
and  2D chrominance.  Chrominance
is often represented in terms of hue
and saturation.  A given brightness
measure (e.g. value or NTSC
luminance) defines a planar surface in
the color cube on which the brightness
is constant.  One point on that surface
is gray.  The saturation of any color
with the given brightness is defined as
the distance on the plane from the
color to the gray point.  The hue is
defined as the angular deviation from
red measured in the same plane.
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Brightness + Chrominance Representation
The HSV encoding scheme presented in
part b of this lecture is a direct
implementation of the vector math. Although
it is nonstandard, it demonstrates the ideas
that underlie most of these representations.

For a good explanation of more standard
HSV and LHS representations please see:
HSL and HSV - Wikipedia, the free encyclopedia.

An explanation of the hexagonal
representation of HSV is given in
part b of this lecture.
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http://en.wikipedia.org/wiki/HSL_and_HSV
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1http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie.html

“The CIE system characterizes colors
by a luminance parameter Y and
two color coordinates x and y which
specify the point on the chroma-
ticity diagram. This system['s] ...
parameters are based on the
spectral power distribution ... of the
light emitted from a colored object
and are factored by sensitivity
curves which have been measured
for the human eye.”1

Commission Internationale de
l’Éclairage Uniform Color Scale

C.I.E. 1931 Color Space
This is not a simple slice
through the color cube.
It is a continuous mapping
from the 3D cube onto a
2D plane that warps the
color distribution.

http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie.html
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2https://en.wikipedia.org/wiki/CIE_1931_color_space
3https://en.wikipedia.org/wiki/Munsell_color_system

C.I.E. 1931
This 1931 chromaticity diagram shows a
single xy plane in the xyY color space.

“The CIE 1931 color space chromaticity
diagram rendered in terms of the colors of
lower saturation and value than those
displayed in the diagram above that can be
produced by pigments, such as those used
in printing. The color names are from the
Munsell color system.”2,3

0.49 0.31 0.20
1 0.17697 0.81240 0.01063

0.17697
0.00 0.01 0.99

X R
Y G
Z B

     
          
          

,  ,   1X Y Zx y z x y
X Y Z X Y Z X Y Z
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Good, concise description of various color spaces:
https://ninedegreesbelow.com/photography/xyz-rgb.html

In this representation,
the Y parameter is a
measure of luminance.
Chromaticity is given
by x and y.

https://en.wikipedia.org/wiki/CIE_1931_color_space
https://en.wikipedia.org/wiki/Munsell_color_system
https://ninedegreesbelow.com/photography/xyz-rgb.html
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C.I.E. 1976 U.C.S.
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http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie1976.html

(L, u, v)
color space

This diagram, produced by the
C.I.E. in 1976 specifies the range of
colors perceptible at a single
luminance, L, by an average
person. On the periphery the
colors are monochromatic colors
labeled  with the corresponding
wave-lengths of light. The white
point is intersected by a curve that
displays the corresponding black
body temperature. (u, v) are the
CIE chromaticity  coordinates. The
distance between points is related
to the perceptual difference in
color.

Good, concise description of various color spaces:
https://ninedegreesbelow.com/photography/xyz-rgb.html

http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie1976.html
https://ninedegreesbelow.com/photography/xyz-rgb.html


1999-2021 by Richard Alan Peters II22 September 2021 80

C.I.E. 1976 U.C.S.

(L, u, v)
color space
regions

http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie1976.html

Color regions on a slightly
desaturated CIE 1976 Luv
color space similar to those on
the CIE 1931 xyY digram on
slide 75.

Point c0 on the line between
colors c1 and c1 is the color that
would be obtained by mixing
the two endpoint colors in
proportion to the distances
from the endpoints. E.g.

where  0  1.

 0 1 21   c c c

Good, concise description of various color spaces:
https://ninedegreesbelow.com/photography/xyz-rgb.html

http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie1976.html
https://ninedegreesbelow.com/photography/xyz-rgb.html
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Color Gamuts
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A color gamut is the range of colors that can be represented by a
given display.  The pure R, G, and B values are plotted on a CIE
chromaticity diagram. The colors inside the triangle are the ones
that can be displayed by the device.
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Color Gamuts
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Since the display
you are looking
at is probably
sRGB …

…the colors
you see in the
CIE diagram
are actually …

…inside this
triangle …

…and all the  colors
outside the triangle
cannot be displayed …

… even though you
could see them on a
better display (like
reality!)
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